Annatto or urucum is an orange-yellow dye obtained from Bixa orellana seeds. It has been used as a natural dye in a variety of food products, drugs and cosmetics, and also in Brazilian cuisine as a condiment (colorau). Bixin, a carotenoid devoid of provitamin A activity, is the main pigment found in annatto. Some carotenoids (canthaxanthin, astaxanthin and ß-Apo-8'-carotenal) are known to be potent inducers of CYP1A1, a property not shared by others (ß-carotene, lycopene and lutein). Little is known, however, about the CYP1A1-inducing properties of bixin and annatto. The present study was performed to determine the effects of an annatto extract (28% bixin) and bixin (95% pure) on rat liver monooxygenases. Adult female Wistar rats were treated by gavage with daily doses of annatto (250 mg/kg body weight, which contains approximately 70 mg bixin/ kg body weight), bixin (250 mg/kg body weight) or the vehicle only (corn oil, 3.75 g/kg body weight) for 5 consecutive days, or were not treated (untreated control). The activities of aniline-4-hydroxylase (A4H), ethoxycoumarin-O-deethylase (ECOD), ethoxy-(EROD), methoxy-(MROD), pentoxy-(PROD) and benzyloxy-(BROD) resorufin-O-dealkylases were measured in liver microsomes. Annatto (250 mg/ kg containing 70 mg bixin/kg) induced EROD (3.8x), MROD (4.2x), BROD (3.3x) and PROD (2.4x). Bixin (250 mg/kg) was a weaker inducer of EROD (2.7x), MROD (2.3x) and BROD (1.9x) and did not alter PROD, A4H or ECOD activities. These results suggest that constituents of the extract other than bixin play an important role in the induction of CYP1A and CYP2B observed with annatto food colorings.
Annatto is an orange-yellow dye obtained from the pericarp of seeds from Bixa orellana L. (Bixaceae), a tree native to Central and South America tropical forests (1, 2) . In Brazil annatto is known as urucum or urucu, a word from the Tupi-Guarani language, and in Spanish-speaking America as achiote from the Aztec achiotl (1) . The use of annatto by the New World man dates back to ancient times. The indigenous Amazon people have used urucum for body painting for centuries and it is believed that the original Aztec chocolate beverage contained annatto seeds in addition to cocoa. Moreover, seeds and leaves of the annatto tree were used by the Aztecs to prepare remedies for a variety of illnesses such as tonsillitis, asthma, pleurisy, rectal disorders, headache, jaundice, sunstroke, and burns.
Bixin (cis-bixin, CAS 6983-79-5) is the main oil-soluble pigment of B. orellana seeds. It is a carotenoid devoid of provitamin A activity with two carboxylic groups, one of which is a methyl ester (Figure 1 ). Hydrolysis of this methyl ester group yields the corresponding dicarboxylic acid, norbixin, which is an annatto pigment soluble in aqueous alkaline solutions. Annatto extracts, as well as their major carotenoid constituents bixin and norbixin, have been widely employed as color additives in food, drugs and cosmetics (3, 4) . As a food coloring, annatto has been added to butter, cheese, sausages, margarine, ice-cream, cereals and to a variety of other products (3, 4) . In Northern and Northeastern Brazil, an annatto extract (known as colorau or colorífico) is also extensively used as a food condiment.
Carotenoids such as canthaxanthin, astaxanthin and ß-Apo-8'-carotenal but not ß-carotene or lycopene, have been reported to be potent inducers of CYP1A1 isoenzymes in rats (5-8) and mice (9) . The effects of bixin on xenobiotic metabolizing enzymes, however, have been much less studied. Jewell and OBrien (8) found that bixin (300 mg/kg diet for 16 days) increased ethoxy-(EROD; a marker for CYP1A1), methoxy-(MROD; CYP1A2) and, to a lesser extent, pentoxyresorufin-O-dealkylases (PROD; CYP2B1) in the rat liver. To our knowledge, no other report has been published on the effects of bixin and annatto on cytochrome P450 enzymes. The present study was undertaken to investigate the effects of bixin as well as those of an annatto food coloring on the activities of liver monooxygenases in the rat.
Virgin female Wistar rats, approximately 100 days old and weighing 220-260 g, from the CECAL-FIOCRUZ breeding stock were used. The rats were housed four per cage in standard plastic cages with stainless steel cover lids and wood shavings as bedding. The animals were given free access to a rodent pelleted diet (Nuvital ® , Nuvilab, Curitiba, PR, Brazil) and tap water and were kept under conditions of constant temperature (22 ± 1ºC), humidity (approximately 70%) and photoperiod (12-h light and 12-h dark, lights on 8:00 am). The research protocol was approved by the Ethics Committee on the Use of Animals of Oswaldo Cruz Foundation (CEUA-FIOCRUZ). Annatto (containing 28% bixin, determined spectrophotometrically) was supplied by Baculerê Agro Industrial Ltda., Olimpia, SP, Brazil, and bixin (purity 95%) was from Helianthus S.A., Lima, Peru.
The rats were treated by gastric gavage with daily doses of annatto (250 mg kg body weight -1 day -1 containing 70 mg bixin/kg), bixin (250 mg kg body weight -1 day -1 ), or the vehicle only (corn oil, 3.75 g kg body weight -1 day -1 ) for 5 consecutive days. One untreated control group was also run in parallel.
All food was withdrawn after the last dose and the animals were killed by cervical dislocation 16 h later. After killing, livers were immediately removed, freed from fat and extra tissue and weighed. Liver tissue was homogenized with ice-cold 250 mM sucrose in a glass Potter Elvejhem homogenizer with a Teflon pestle. The homogenate was centrifuged at 9,000 g for 30 min and the supernatant obtained was ultracentrifuged at 100,000 g for 60 min. The pellet was resuspended in 100 mM Tris-HCl buffer, pH 7.4, and ultracentrifuged again at 100,000 g for 60 min. The final pellet (microsomal fraction) was then suspended in an ice-cold solution consisting of 0.1 mM EDTA, 20% glycerol potassium phosphate buffer (100 mM, pH 7.4) and stored in liquid nitrogen until further use. Protein concentration in the microsomal fraction was quantified by the method of Bradford (10) .
Alcoxyresorufin-O-dealkylase activities were determined spectrofluorometrically as described by Burke et al. (11) except that an NADPH regenerating system was used (12). 7-Ethoxycoumarin-O-deethylase (ECOD) activity was determined as reported by Greenlee and Poland (13) with some minor modifications. Aniline-4-hydroxylase (A4H) was determined spectrophotometrically as described in detail by Gibson and Skett (14) . Substrates (pentoxyresorufin, ethoxyresorufin, methoxyresorufin and benzyloxyresorufin, aniline and 7-ethoxycoumarin), reaction products (resorufin, 4-aminophenol and umbelliferone), glucose-6-phosphate, NADP and glucose-6-phosphate dehydrogenase were all from Sigma (St. Louis, MO, USA).
Neither annatto (28% bixin) nor bixin (95% pure) given orally at a dose as high as 250 mg kg body weight -1 day -1 for 5 consecutive days was overtly toxic to the rats. It should be pointed out that, in a preliminary dose range-finding experiment, 250 mg/kg body weight was half the highest dose of this powdered annatto extract that was feasible to give by gavage to rats.
As shown in Table 1 , annatto (250 mg/kg Data are reported as means ± SD. N = number of rats per group. Statistical comparisons were made by one-way ANOVA followed by the Duncan test with Kramer's correction for unequal sample sizes. In each column, values different from that of the control groups (P<0.05, ANOVA) are indicated by superscripts as follows: a vehicle-control; b untreated control. X-ROD = alcoxyresorufin-O-dealkylases, EROD = ethoxy-, MROD = methoxy-, PROD = pentoxy-, and BROD = benzyloxyresorufin-O-dealkylases. Induction factor = (activity in the treated group) ¸ (activity in the vehicle control group).
body weight containing 70 mg bixin/kg body weight) caused an increase in the activities of EROD (3.8x), MROD (4.2x), benzyloxyresorufin-O-dealkylases (BROD) (3.3x) and PROD (2.4x), as compared to the activities found for the vehicle control group. Since in rat liver microsomes EROD and MROD are reactions predominantly catalyzed by CYP1A1 and 1A2, and PROD as well as BROD are catalyzed by isoenzymes belonging to the 2B subfamily (15) , the foregoing findings suggest that annatto (28% bixin) induced CYP1A1/2 and, to a lesser extent, CYP2B. A slight enhancement of EROD (2.7x), MROD (2.3x) and BROD (1.9x) was also noted among rats treated with 95% pure bixin (250 mg/kg body weight) ( Table 1 ). The administration of bixin, however, did not change the activities of PROD, ECOD or A4H (Table 1 ). In rat liver microsomes, the O-deethylation of ethoxycoumarin seems to be catalyzed by several CYP450 isoforms including those belonging to subfamilies 1A, 2A, 2B, 2C, 2E and 3A (16, 17) . Since EROD is more specific for CYP1A1 than ECOD, the weak inducing effect noted in bixintreated rats was revealed by deethylation reaction of the former but not of the latter. The hydroxylation of aniline at carbon 4, on the other hand, is predominantly catalyzed by CYP2E1 (16, 18) . Our results show that bixin, under the conditions of this study, did not alter CYP2E1 causing only a slight increase in the activities of CYP1A1/2 and 2B. It is noteworthy that the induction of CYP1A and 2B in annattotreated rats was stronger than that found in rats treated with 95% pure bixin. Since the dose of bixin administered to the former group (70 mg/kg body weight) was approximately three times lower than that given to the latter group (250 mg/kg body weight), these results suggest that constituents of the annatto extract other than bixin were at least partially responsible for the induction of CYP1A1/2 and 2B. A weak inducing effect of bixin, however, cannot be ruled out.
However, it seems unlikely that any liver monooxygenase induction occurs when annatto and bixin are used as food colorings. The daily doses of annatto (70 mg bixin kg body weight -1 day -1 ) and bixin (250 mg kg body weight -1 day -1 ) that caused only a weak enzyme induction in the present study were 1077 and 3846 times, respectively, the current acceptable daily intake established for annatto/bixin (0.065 mg bixin kg body weight -1 day -1 ) (3). Thus, it seems unlikely that any enzyme induction or change in drug metabolism may occur at daily doses resulting from the current use of annatto/bixin as food colorings.
Our results with regard to bixin are, to a certain extent, at variance with those reported by Jewell and OBrien (8) . These investigators found that EROD (CYP1A1) and MROD (CYP1A2) activities were markedly increased in rats fed a bixin-enriched diet (300 mg/kg diet) for 16 days (8) . Differences between the two studies with regard to the effects of bixin on EROD, MROD and PROD could have been due to differences in the method of administration (gavage versus diet), gender (female versus male rats), and/ or in the duration of exposure (5 versus 16 days). The daily dose of bixin in the present study, however, was at least five times higher than that given by Jewell and OBrien (45 mg kg body weight -1 day -1 ) (8). It is of note that the induction of EROD, MROD and PROD observed by Jewell and OBrien (8) was similar to that caused by the less pure annatto extract (28% bixin) used in our study. Since the origin of bixin added to the diet in the Jewell and OBriens study was a commercial annatto extract (Annatto R35) containing only 42 g of bixin per kg of powder (4.2% of bixin), enzyme induction could have been due to impurities or constituents of the extract other than bixin. Inducers of CYP1A and 2B have been found in cruciferous vegetables (broccoli, cabbage, Brussels sprouts) and garlic (Allium species), and in the essential oils of a large variety of plants (12, 19, 20) .
The rather weak effect of bixin on rat liver monooxygenases belonging to the CYP1A subfamily, on the other hand, indicated that this carotenoid, like ß-carotene, lycopene and lutein, does not share the potent CYP1A1/2-inducing properties of apoor oxocarotenoids such as ß-Apo-8'-carotenal, canthaxanthin and astaxanthin (6, 7) . The mechanism underlying CYP1A induction by carotenoids is still unclear. Experiments on mice have demonstrated that canthaxanthin, like polycyclic aromatic hydrocarbons and 2,3,7,8 tetrachlorodibenzodioxin (TCDD), induces CYP1A1 and CYP1A2 through an Ah-receptor pathway (9) . In mice, ß-Apo-8'-carotenal seems to induce specifically CYP1A2 (9) . Canthaxantin and ß-Apo-8'-carotenal, however, did not compete with TCDD for the TCDD-binding site of the cytosolic Ah-receptor of mice (9) .
As shown in Figure 1 , there are no evident structural features separating the carotenoids which are potent inducers of CYP1A1/2 from those which do not act as inducers of these microsomal enzymes. Owing to this apparent lack of a structure-activity relationship, Gradelet et al. (9) advanced the hypothesis that common or similar metabolites of the three carotenoids (ß-Apo-8'-carotenal, canthaxanthin and astaxanthin) -and not the parent compounds themselvesare the ultimate inducing molecules. Nevertheless, little is known about the transformation of carotenoids in mammals, and it is still unclear which metabolites could be involved in the induction of liver microsomal enzymes.
Results from the present study showed that an annatto food coloring (28% bixin), given at oral doses as high as 250 mg kg -1 day -1 for 5 consecutive days, induced CYP1A and 2B subfamilies in the rat liver. Since a weaker induction was noted when rats received a similar treatment with bixin (95% pure), it seems fair to conclude that constituents of the annatto extract other than bixin played an important role in the induction of CYP1A and 2B.
